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Abstract Ba[Zr0.25Ti0.75]O3 (BZT) thin films were syn-
thesized by the complex polymerization method and heat
treated at 400 C for different times and at 700 C for 2 h.
These thin films were analyzed by X-ray diffraction
(XRD), Fourier-transform infrared (FT-IR) spectroscopy,
field emission gun-scanning electron microscopy (FEG-
SEM) and atomic force microscopy (AFM), Ultraviolet–
visible (UV–vis) absorption spectroscopy, electrical and
photoluminescence (PL) measurements. FEG-SEM and
AFM micrographs showed that the microstructure and
thickness of BZT thin films can be influenced by the pro-
cessing times. Dielectric constant and dielectric loss of
BZT thin films heat treated at 700 C were approximately
148 and 0.08 at 1 MHz, respectively. UV–vis absorption
spectra suggested the presence of intermediary energy
levels (shallow and deep holes) within the band gap of BZT
thin films. PL behavior was explained through the optical
band gap values associated to the visible light emission
components.
Keywords Microstructure  Dielectric 
Optical band gap  Photoluminescence  BZT thin films
1 Introduction
Recently, barium zirconate titanate, Ba[Zr,Ti]O3 (BZT),
has been utilized as an alternative material to barium
strontium titanate, [Ba,Sr]TiO3, in the preparation of thin
films or ceramic bulks [1–3]. This material presents a
perovskite-type structure with general formula ABO3
(A = Ba and B = Ti, Zr). Generally, BZT are formed by
solid solution between barium titanate (BTO) and barium
zirconate (BZO) due to the substitution of Ti4? ions (B
site) (atomic weight of 47.9, ionic radius of 74.5 pm) by
Zr4? ions (atomic weight of 91.2, atomic radius of 86 pm).
This substitution is possible because the Zr4? is chemically
more stable than the Ti4? [4].
BZT presents good dielectric properties due to its low
dielectric loss and reasonable dielectric constant [5–7]. The
microwave dielectric properties of this material are inter-
esting for the development of capacitive and nonvolatile
memory cells (DRAM’s and FeRAM’s) [8–10]. Moreover,
the dielectric properties and ferroelectric phase transition
temperature (Tm) of BZT ceramics are strongly dependent
of Zr content in the lattice. BZT bulk ceramics with Zr
content up to x [ 0.08 exhibit a broad dielectric constant-
temperature (e * T) curve near the Tm. This behavior can
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be caused by the inhomogeneous distribution of Zr4? ions
into the Ti sites and/or by the mechanical stresses on the
grains [11]. When Zr content increases up to x * 0.20 is
observed the limit between ferroelectric/relaxor behavior
[4, 12]. Ravez and Simon [13] reported a typical relaxor-
like behavior in BZT ceramics with Zr content up to
x C 0.25. Tang et al. [14] showed that the BZT ceramics
with a high Zr content (x = 0.30 and 0.35) present a
‘‘slim’’ hysteresis loop, which is a typical relaxor ferro-
electric behavior due to the existence of micropolar
regions. However, some studies on the optical properties of
crystalline and non-crystalline BZT thin films have been
reported in the literature, including: infrared optical prop-
erties [15, 16], complex refractive index [17–19] and
photoluminescence [20–22].
The dielectric and ferroelectric properties of BZT thin
films can be modified by different factors, mainly includ-
ing: average grain sizes [23–25], preferred orientation [26–
28], buffer layers [29, 30] and presence of dopants. Gen-
erally, BZT thin films have been doped with cerium [31,
32], neodymium [33], lanthanum [34] and manganese [35].
However, the literature reports few studies detailed on the
surface microstructure and photoluminescence behavior of
BZT thin films.
Therefore, we report on the microstructure, dielectric
properties and optical band gap control on the photolumi-
nescence behavior of Ba[Zr0.25Ti0.75]O3 (BZT) thin films
synthesized by the complex polymerization method and
heat treated at 400 C for different times and at 700 C for
2 h.
2 Experimental details
2.1 Preparation of Ba[Zr0.25Ti0.75]O3 thin films
BZT thin films were prepared by the complex polymeriza-
tion method. In this synthesis, barium nitrate Ba(NO3)2
(99.9% purity, Aldrich), titanium (IV) isopropoxide
[Ti(OC3H7)4] (99% purity, Aldrich), zirconium n-propox-
ide [Zr(OC3H7)4] (99.9% purity, NOAH Technologies),
ethylene glycol (C2H6O2) (99% purity, J.T. Baker) and
citric acid (C6H8O7) (99.5% purity, Mallinckrodt) were
used as raw materials. Firstly, [Ti(OC3H7)4] was quickly
added in citric acid aqueous solution to avoid hydrolysis
reaction between alkoxide and air environment. Clear and
homogeneous titanium citrate was formed under constant
stirring at 90 C for several hours. In the following step, the
gravimetric procedure was realized for the correction and
determination of the stoichiometric value correspondent to
the TiO2 mass (grams) contained into the titanium citrate. In
the second stage, [Zr(OC3H7)4] was quickly added into the
citric acid aqueous solution under constant stirring at 90 C
for several hours, forming a clear and homogeneous zir-
conium citrate. Again, the gravimetric procedure was
employed to determine the ZrO2 mass (grams) contained
into the zirconium citrate. In the third stage, the titanium
citrate and zirconium citrate were homogenized and mixed
in a stoichiometric molar proportion of 0.75Ti:0.25 Zr. In
the following step, Ba(NO3)2 was dissolved into the Ti, Zr
citrates in a stoichiometric molar proportion of
1Ba:0.75Ti:0.25Zr. The solution pH was adjusted up to 7 by
the addition of ammonium hydroxide (NH4OH) (30% in
NH3, Synth). This procedure was employed to avoid barium
citrate precipitation, which is favored in acid solutions.
After solution homogenization containing Ba2? cations,
C2H6O2 was added into the solution heated at 120 C to
promote the citrate polymerization by the polyesterification
reaction [36]. In this system, the citric acid/ethylene glycol
ratio was fixed at 60/40 wt%. After polyesterification
reaction, the BZT polymeric resin was formed. In the
sequence, this polymeric resin was filtered to avoid con-
tamination by other impurity particles. The viscosity of this
resin was adjusted up to 13 mPa s using a rheometer
(Brookfield DV-III, USA). Afterwards, the polymeric
resin was deposited on Pt(111)[150 nm]/Ti[50 nm]/
SiO2[400 nm]/Si(100) substrates through a spin coating
(KW-4B, Chemat Technology, USA), operating at
7500 rpm for 20 s. After deposition, the thin films were
placed on a hot plate at 150 C for 10 min to remove the
residual solvents. Finally, BZT thin films were heat treated
at 400 C for different times (1, 2, 4, 8 and 16 h) under
oxygen flow and at 700 C for 2 h under air atmosphere.
2.2 Characterizations of Ba[Zr0.25Ti0.75]O3 thin films
BZT thin films were structurally characterized by X-ray
diffraction (XRD) using a Rigaku-DMax 2500PC (Japan)
with Cu-Ka radiation in the 2h range from 20 to 60 with
0.02/min. Fourier-transform infrared (FT-IR) spectrosco-
pies were performed with a spectrometer Bruker-Equinox
55 (Germany) using a 30  specular reflectance accessory.
The surface microstructure of BZT thin films were verified
through an atomic force microscopy (AFM) (Digital
Instruments, Nanoscope (R) IIIa, USA). High resolution
field-emission gun scanning electron microscopy (FEG-
SEM) (Supra 35-VP, Carl Zeiss, Germany) was employed
to estimate the thickness of BZT films. The dielectric
measurements were performed in a metal-thin film-metal
configuration using a Hewlett-Packard (4194A) imped-
ance/gain phase analyzer. The capacitance value was taken
using a small AC signal of 10 mV at 100 kHz. The
dielectric constant and dielectric loss were measured as a
frequency function in the range from 100 to 10 MHz.
These electrical properties were measured through Au
electrodes of 3.1 9 10-4 cm2 area deposited on the thin
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film surface by the shadow mask evaporation method. In
order to promote a contact with the platinum bottom
electrode, a corner of the film was removed by a HF ? HCl
solution. Ultraviolet–visible (UV–vis) spectra were taken
using a Cary 5G (Varian, USA) equipment. Photolumi-
nescence (PL) measurements were performed using a
Thermal Jarrel-Ash Monospec 27 monochromator and
a Hamamatsu R446 photomultiplier. The 350.7 nm of a
krypton ion laser (Coherent Innova, USA) was used as
excitation source, keeping its output power at 200 mW. PL
intensity was normalized by the thickness of BZT thin
films. All measurements were performed at room
temperature.
3 Results and discussion
3.1 X-ray diffraction analyses
Figure 1 shows the XRD patterns of BZT thin films heat
treated at 400 C for different times and at 700 C for 2 h.
As it can be seen in Fig. 1, the increase of processing
time and heat treatment temperature resulted in a structural
organization of BZT thin films. BZT thin films heat treated
at 400 C for 1 and 2 h showed only the (100) plane due to
the structural disorder degree. The (100) and (110) planes
were verified in BZT thin films heat treated at 400 C for
4 h, indicating an intermediary structural organization or
presence of structural order–disorder. The thin films heat
treated at 400 C for 8 h and 16 h exhibit the (200) plane,
which is characteristic of ordered structure. The highest
degree of crystallization was observed for the BZT thin
film heat treated at 700 C for 2 h. This film presented a
polycrystalline structure, containing the respective crys-
tallographic planes: (100), (110), (200), (210) and (211).
All diffraction peaks can be indexed to the cubic structure,
in agreement with the respective ‘‘JCPDS’’ (Joint Com-
mittee on Powder Diffraction Standards) card No. 36-0019
[37]. In this work, BZT thin films deposited on Pt(111)/Ti/
SiO2/Si substrates exhibited a preferential orientation along
the (110) direction, in agreement with the results obtained
by Zhai et al. [38]. XRD patterns also showed that the Pt
peak intensity increases with the heat treatment tempera-
ture and processing time. This behavior can be associated
with the grain growth or recrystallization process of the Pt
bottom electrode [39].
3.2 Fourier-transform infrared analyses
Figure 2 shows the FT-IR spectra in the range from
550 cm-1 to 800 cm-1 of BZT thin films heat treated at
400 C for different times and at 700 C for 2 h.
In BZT thin films heat treated at 400 C for 1 and 2 h
were observed two absorption bands (Fig. 2a, b). The first
band at 643 cm-1 was ascribed to the bond defects. We
believe that the first band is formed by [Zr,TiO5] clusters
Fig. 1 XRD patterns of Ba[Zr0.25Ti0.75]O3 thin films heat treated at
400 C for: (a) 1 h, (b) 2 h, (c) 4 h, (d) 8 h, (e) 16 h under oxygen
flow and at (f) 700 C for 2 h under air atmosphere. The vertical lines
indicate the position and relative intensity of JCPDS card No. 36-
0019
(a)
(b)
(c)
(d)
(e)
(f)
Fig. 2 FT-IR spectra of Ba[Zr0.25Ti0.75]O3 thin films heat treated at
400 C for: a 1 h, b 2 h, c 4 h, d 8 h, e 16 h under oxygen flow and at
f 700 C for 2 h under air atmosphere
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with pyramidal-type configuration. This complex cluster
was associated to the presence of oxygen vacancies (VO
••)
between [O–Zr–O–Zr–VO
••] and/or [O–Ti–O–Ti–VO
••]
bonds. The second band at 696 cm-1 was attributed to the
metal–oxygen (M–O) band [40], suggesting the onset of
formation of [Zr,TiO6] clusters with octahedral-type con-
figuration. The increase of processing time leads to a
reduction of oxygen vacancies linked to the [Zr,TiO5]
clusters, favoring the structural organization of BZT thin
films by the formation of [Zr,TiO6]. In these figures, it was
verified that the first band ([Zr,TiO5] clusters) is relatively
more intense than the second band ([Zr,TiO6] clusters).
Therefore, it is an indicative that the BZT thin films present
a high degree of disorder in the lattice. When these thin
films were heat treated at 400 C for 4 h, it was observed
the formation of a broad absorption band at 683 cm-1
caused by the junction between the two bands correspon-
dent to the [Zr,TiO5] and [Zr,TiO6] clusters. The small
band verified at 655 cm-1 is related to the [Zr,TiO5]
clusters (Fig. 2c). The increase of processing time pro-
motes a displacement of this small band from 655 cm-1 to
662 cm-1. Possibly, this behavior is associated with the
reduction of oxygen vacancies ([Zr,TiO5] clusters) in the
BZT lattice (Fig. 2d, e). The increase of heat treatment
temperature resulted in a broad absorption band at around
690 cm-1, which was ascribed to the MO6 stretching mode
(M = Zr and Ti). In this case, MO6 stretching modes are
slightly shifted toward high wavenumbers and become
sharper and narrower due to the resonance with the lon-
gitudinal optical (LO) phonon modes. This result suggests
the formation of MO6 octahedrons [41, 42] in the BZT
lattice due to the increase of crystallinity and structural
order of the BZT thin films [43].
3.3 Atomic force microscopy analyses
Figure 3 shows the AFM micrographs of BZT thin films
heat treated at 400 C for different times and at 700 C for
2 h.
The surface microstrucuture was investigated by AFM
over an area of 2.5 9 2.5 lm. BZT thin films heat treated
at 400 C for 1 h present a surface with uniform and
homogeneous grain size distribution and low roughness
(Fig. 3a). These results are in agreement with those
reported by Choi et al. [44]. Figure 3b shows that the heat
treatment of BZT thin films at 400 C for 2 h leads to the
grain growth. The increase of processing time for 4 h
resulted in the formation of necks between grains, as shown
in Fig. 3c. According to Leite et al. [45], this mechanism
occurs by the grain boundary motion due to a reduction of
the total grain boundary surface energy. The thermal
energy leads to an increase in the diffusion rate and con-
sequently intensifies the formation of necks between grains
(Fig. 3d). As it can be seen in Fig. 3e, the increase of
processing time for the BZT thin films under oxygen flow
promotes an inhomogeneous growth on the surface. This
inhomogeneous growth is caused by the formation of
irregular grains and pore caused by the decomposition of
residual organic compounds. This behavior is in agreement
with the reported by Stankus et al. [46]. However, BZT
thin films heat treated at 700 C for 2 h under air atmo-
sphere exhibited a homogenous and uniform microstructure
formed by small grains (Inset of Fig. 3f). Moreover, small
pore were verified on the surface of these films (arrows in
Fig. 3f). This microstructural characteristic is similar for
the BZT thin films prepared by the sol–gel method [47].
Thus, these results indicate that the atmosphere employed
in the heat treatment is able to influence in the micro-
structure of thin films.
3.4 Field-emission gun scanning electron microscopy
analyses
Figure 4 shows the FEG-SEM micrographs of surface
microstructure and cross-section of BZT thin films heat
treated at 400 C for different times and at 700 C for 2 h.
As it can be seen in this figure, the average thickness of
BZT thin films heat treated at 400 C from 1 h to 16 h
under oxygen flow is reduced. Probably, this reduction is
arising from the decomposition residual organic com-
pounds and decreasing of oxygen vacancies [48]. The grain
growth ocurrs by the reduction in the total grain boundary
area and favors the junction between grains, resulting in the
formation of necks (Inset in Fig. 4c) [49]. The heat treat-
ment of BZT thin films at 400 C for 8 h intensified the
grain growth and contributed to the formation of pore
(Inset and Fig. 4d). BZT thin film heat treated at 400 C for
16 h exhibited the lowest average thickness (&99 nm),
reaching to the thickness limit of the film [50]. Also, it was
observed the presence of large grains, which can be asso-
ciated to the high crystallization rate of BZT thin films
(Inset and Fig. 4e). The highest average thickness
(&145 nm) was verified for the thin films heat treated at
700 C for 2 h under air atmosphere. Also, small grains
and some pore were observed on the surface of these films.
Therefore, it is an indicative that the atmosphere employed
in the heat treatment results in modifications on the
microstructural characteristic of BZT thin films (Inset and
Fig. 4f).
3.5 Grain size, surface roughness and thickness
analyses
Figure 5 shows the dependence of average grain size,
average roughness and average thickness as a function of
processing time for the BZT thin films.
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Fig. 3 AFM micrographs of Ba[Zr0.25Ti0.75]O3 thin films deposited
on Pt(111)/Ti/SiO2/Si(100) heat treated at 400 C for: a 1 h, b 2 h, c
4 h, d 8 h, e 16 h under oxygen flow and at f 700 C for 2 h under air
atmosphere. Inset in f shows a high magnification AFM micrograph
of the surface microstructure of BZT thin films heat treated at 700 C
for 2 h under air atmosphere
J Sol-Gel Sci Technol (2009) 49:35–46 39
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The average grain sizes and average surface roughness
were calculated by the Nanoscope IIIa software-2003
(Version 5.12r5 for Windows XP professional) [51]. Thus,
this program calculates the microstructural variables
(average grain size and surface roughness) by the following
equation:
Rsurf ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðRðZiÞ2=N
q
ð1Þ
where Rsurf is the average surface roughness, Zi is the
current Z (height) value and N is the number of sample
points within the given area by the image.
Figure 5a shows a considerable variation in the average
grain sizes with the processing time for the BZT thin films
heat treated at 400 C from 4 to 16 h. Probably, this
behavior can be associated to the increase in the diffusion
rate of grain boundaries with the processing time. In this
case, this mechanism favors the formation of necks
between grains, resulting in large grains. The increase in
the average surface roughness of BZT thin films heat
treated at 400 C from 1 to 16 h can be relate to the for-
mation of large grains, as previously described (Fig. 5a).
The average thickness was estimated using the GNU Image
Manipulation Program (GIMP 2.4) program [52]. As it can
be seen in Fig. 5b, BZT thin films presented a reduction in
the average thickness with the processing time. This result
can be attributed to the decomposition of residual organic
compounds. The obtained results by the AFM and FEG-
Fig. 4 FEG-SEM micrographs
of the cross-section for
Ba[Zr0.25Ti0.75]O3 thin films
deposited on Pt(111)/Ti/SiO2/
Si(100) and heat treated at
400 C for: a 1 h, b 2 h, c 4 h, d
8 h, e 16 h under oxygen flow
and at f 700 C for 2 h under air
atmosphere. Insets show the
high magnification FEG-SEM
micrographs of BZT thin films
heat treated at 400 C for
different times under oxygen
flow and at 700 C for 2 h under
air atmosphere
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SEM analyses for the BZT thin films are listed in Table 1.
This table shows a comparative between average grain
sizes, average roughness and average thickness of BZT thin
films obtained in this work with those reported in the lit-
erature by different methods.
As it can be in this table, the average grain sizes, average
roughness and average thickness are dependent of the
preparation method, Zr content, heat treatment temperature
and processing time. In this work, BZT thin films prepared
by the CPM presented small deviations for the grain sizes
(Fig. 5a), in agreement with the reported in the literature
[53–56] (Table 1). We believe that the grain size control of
BZT thin films prepared by the CPM and heat treated under
oxygen flow is difficult and complicated because of the
random grain growth with the processing time.
3.6 Dielectric properties
Figure 6 shows the frequency dependence of the dielectric
constant (er) and dielectric loss (tan d) as a function of
applied frequency of BZT thin films heat treated at 700 C
under air atmosphere.
In this figure, it was verified a slight decrease of the
dielectric constant and a small increase of the dielectric loss
with the frequency. Dielectric properties were not observed
for the BZT thin films heat treated at 400 C for different
times, probably due to the presence of structural disorder in
the lattice. The er and tan d of BZT thin film were 148 and
0.08 both at 1 MHz, respectively. The er value is larger than
the reported by Pantou et al. [57]. These authors synthesized
BaZr0.25Ti0.75O3 thin films by the metalorganic chemical
vapor deposition and obtained a er of approximately 130. Zhu
et al. [58] reported a er of 135 for the BaZr0.2Ti0.8O3 films.
They also showed that this electrical property increase up to
225 when doped with manganese. Recently, Xu et al. [59]
observed a er of 115 at 1 MHz for the nanocrystalline
BaZr0.2Ti0.8O3 thin films prepared by the sol–gel–ethanol
thermal method. Qin et al. [60] showed that BST/BZT/BST
multilayers films deposited on LaNiO3-coated LaAlO3 sub-
strates exhibit a high er (*414).
3.7 Ultraviolet–visible absorption spectroscopy
analyses
Figure 7 shows the UV–vis absorbance spectra of BZT thin
films heat treated at 400 C for different times under
oxygen flow and at 700C for 2 h under air atmosphere.
The optical band gap energy (Eg) was estimated by the
method proposed by Wood and Tauc [61]. According to
these authors the optical band gap is associated with
absorbance and photon energy by the following equation:
hma / ðhm  EgÞ2 ð2Þ
where a is the absorbance, h is the Planck constant, m is the
frequency and Eg is the optical band gap energy.
In this case, the Eg of BZT thin films were evaluated
extrapolating the linear portion of the curve or tail. In
Fig. 7, the small Eg values can be related to the presence of
intermediary energy levels within the band gap of disor-
dered BZT thin films. These energy levels are dependent of
the degree of structural order–disorder in the lattice.
Therefore, the increase of structural organization in the thin
films leads to a reduction of these intermediary energy
levels and consequently increases the Eg values (Fig. 7a–f).
The Eg can be used to understand the PL behavior in the
visible spectrum region. In this work, we attributed that the
small Eg values are linked to the presence of deep holes and
large concentration of defects. The deep holes are situated
near from the valence band, which are related to the green–
yellow–red emission components in the PL spectra at room
temperature. The high Eg values of BZT thin films can be
associated to the shallow holes and low concentration of
defects. These intermediary energy levels are localized
below the conduction band and act as blue emission
components in the PL spectra at room temperature.
3.8 Photoluminescence behavior analyses
Figure 8 shows the PL spectra at room temperature of BZT
thin films heat treated at 400 C for different times under
oxygen flow and at 700 C for 2 h under air atmosphere.
(a)
(b)
Fig. 5 The average grain size, average roughness and average
thickness as a function of processing time of Ba[Zr0.25Ti0.75]O3 thin
films
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In Fig. 8, it was observed that the general aspect of the
PL spectra is a broad band covering a large part of the
visible electromagnetic spectrum, with a maximum emis-
sion situated at around 586 nm (yellow emission). PL
profiles of BZT thin films suggest an emission mechanism
by multiphonon or multilevel process, i.e., a system in
which the relaxation occurs by means of different paths,
involving the participation of several energy states within
the band gap of the material. Therefore, in order to estimate
the contribution of each individual component it was nec-
essary to deconvolute the PL spectra. The deconvolution
was performed trough the PeakFit program (4.05 version)
[62] using the Pseudo Voigt function. The deconvolution
results show that the PL profiles were better adjusted by the
addition of five peaks (P1—blue emission component, P2
and P3—green emission components, P4—orange emission
component, P5—red emission component). Table 2 shows
the contribution of each individual component on the PL
spectra.
As it can be seen in Table 2, the increase of processing
time leads to a reduction in the P5 area or red emission
component. This behavior can be linked to the reduction of
structural disorder in the lattice of BZT thin films, in
agreement with the XRD patterns (Fig. 1). In addition,
BZT thin films heat treated at 400 C from 1 to 4 h showed
a considerable increase in the P1 and P2 areas, i.e., blue and
green emission components, respectively. We believe that
the changes on the P1 and P2 areas of BZT thin films heat
treated at 400 C for 4 and 8 h is caused by the transition
from disordered to ordered structure. In Fig. 8f, it was
observed an increase of the yellow PL emission of BZT
thin films heat treated from 1 to 4 h due to the presence of
structural order–disorder in the lattice. Therefore, these
results indicate that the increase of heat treatment tem-
perature and/or processing time favors the formation of
ordered structures, reducing the PL emission of the
material.
4 Model: optical band gap control
on the photoluminescence behavior
of BZT thin films
Figure 9 shows a proposed model to explain the PL
behavior of BZT thin films through the optical band gap
control.
Figure 9a shows the laser employed in the excitation of
BZT thin films heat treated at 400 C for different times
Fig. 6 Frequency dependence of the dielectric constant (er) and
dielectric loss (tan d) as a function of applied frequency for BZT thin
films heat treated at 700 C for 2 h under air atmosphere
Table 1 Average grain size, average roughness and average thickness of Ba(ZrxTi1-x)O3 thin films obtained in this work with those reported in
the literature
Method Zr content x T (C) t (h) Average grain size (nm) Average roughness (nm) Average thickness (nm) Ref [ ]
CSD 0.20 700 – 30–50 1.4 50–150 [53]
PLD 0.20 650 0.166 40–50 8.5 400 [54]
SG 0.10 1100 2 100–120 – 600 [55]
R-FMS 0.20 400 1 – 0.845 150 [56]
R-FMS 0.20 500 1 5–150 1.655 150 [56]
R-FMS 0.20 600 1 100–300 6.614 150 [56]
CPM 0.25 400 1 165(±5.1842) 2.92(±0.143) 120(±1.154) This work
CPM 0.25 400 2 177(±6.1584) 3.61(±0.283) 115(±1.451) This work
CPM 0.25 400 4 189(±8.1454) 4.67(±0.332) 106(±1.348) This work
CPM 0.25 400 8 215(±11.254) 5.07(±0.415) 101(±1.418) This work
CPM 0.25 400 16 298(±9.8578) 5.31(±0.394) 99(±1.541) This work
CPM 0.25 700 2 70(±4.2848) 3.05(±0.315) 145(±1.712) This work
T Temperature, t Time, Ref Reference, CSD Chemical solution deposition, PLD Pulsed laser deposition, SG Sol-gel, R-FMS Radio-frequency
magnetron sputtering, CPM Complex polymerization method, Obs All BZT thin films reported in the literature were deposited on platine
substrates
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under oxygen flow and at 700 C for 2 h under air atmo-
sphere. Figure 9b–f shows that the Eg values of BZT thin
films heat treated at 400 C from 1 to 8 h are associated
with the presence of intermediary energy levels within the
band gap. These energy levels are composed by oxygen 2p
states (near from the valence band), zirconium 3d and
titanium 4d states (below the conduction band). During the
excitation process with 350.7 nm wavelength, some elec-
trons are promoted from the oxygen 2p states to titanium
3d and/or zirconium 4d states by means of absorption of
photons (hm) (gray arrows and Fig. 9b). The emission
process of photons (hm0) occurs when the electrons local-
ized on 3d or 4d states decays into an empty oxygen 2p
states (gray arrows). Our results indicate that the visible
light emission components (P1, P2, P3, P4 and P5) associ-
ated to the PL emissions of BZT thin films are controlled
by the optical band gap values [63]. Thus, each light
emission in the visible electromagnetic spectrum can be
linked to a respective band gap value (black arrows and
electromagnetic spectrum in Fig. 9). Figure 9c shows that
each visible light emission component is responsible for a
kind of electronic transition from oxygen 2p states to
titanium 3d and/or zirconium 4d states. Consequently, this
mechanism is able to control the PL behavior of BZT thin
films.
5 Conclusions
BZT thin films were synthesized by the complex poly-
merization method and heat treated at 400 C for
different times under oxygen flow and at 700 C for 2 h
(a) (b)
(c) (d)
(e) (f)
Fig. 7 UV–vis absorbance
spectra of Ba[Zr0.25Ti0.75]O3
thin films heat treated at 400 C
for: a 1 h (I), b 2 h (II), c 4 h
(III), d 8 h (IV), e 16 h (V)
under oxygen flow and heat
treated at f 700 C for 2 h (VI)
under air atmosphere. Inset
shows the optical band gap
evolution as a function of
processing time and heat treated
temperature. The vertical bars
show the standard mean error
J Sol-Gel Sci Technol (2009) 49:35–46 43
123
under air atmosphere. XRD patterns revealed that the thin
films are free of secondary phases and crystallize in a
cubic structure. FT-IR spectra suggested that the pro-
cessing time leads to a increase of structural organization
in the films through the transformation from [Zr,TiO5] to
[Zr,TiO6] clusters. BZT thin films heat treated at 700 C
for 2 h exhibited a dielectric constant of approximately
148 at 1 MHz. AFM and FEG-SEM micrographs indi-
cated that the BZT thin films present a homogeneous and
smooth surface without the presence of cracks. These
micrographs also showed that the grain growth can be
associated with the increase in the diffusion rate of grain
boundaries with the processing time. The reduction in the
thickness was attributed to the decomposition of organic
compounds and increase of crystallinity of the thin films.
UV–vis absorption spectra showed that different optical
band gap values are associated to the presence of inter-
mediary energy levels within the band gap. In this case,
it was verified that the increase of structural organization
of BZT thin films with the processing time leads to a
reduction of these energy levels and consequently
increases the optical band gap. PL behavior of BZT thin
films was explained through the optical band gap values
associated to the control of different visible light emis-
sion components. The results also revealed that the blue
emission component is due to the shallow holes while the
green–yellow–red emission components are controlled by
the deep holes within the band gap.
Table 2 Results obtained by the deconvolution of the PL spectra of BZT thin films heat treated at 400 C for different times under oxygen flow
Annealing
time (h)
Peak-P1
center
(nm)
Area of
peak P1
(%)
Peak-P2
center
(nm)
Area of
peak P2
(%)
Peak-P3
center
(nm)
Area of
peak P3
(%)
Peak-P4
center
(nm)
Area of
peak P4
(%)
Peak-P5
center
(nm)
Area of
peak P5
(%)
1 441.455 5.16 503.912 7.25 548.375 12.67 598.24 24.42 649.852 50.50
2 441.455 16.02 503.912 12.48 548.375 13.27 598.24 22.62 649.852 35.61
4 441.455 19.91 503.912 13.13 548.375 14.54 598.24 21.76 649.852 30.66
8 441.455 15.00 503.912 6.72 548.375 12.78 598.24 25.98 649.852 39.52
16 441.455 9.89 503.912 15.53 548.375 21.08 598.24 26.92 649.852 26.58
P1 Blue component, P2 Green component, P3 Green component, P4 Orange component, and P5 Red component
(a)
(b)
(c)
(d)
(e)
(f)
Fig. 8 PL spectra of
Ba[Zr0.25Ti0.75]O3 thin films
heat treated at 400 C for: a 1 h,
b 2 h, c 4 h, d 8 h, e 16 h under
oxygen flow. Deconvolution of
each PL spectrum in five peaks
with fixed position. f General
PL spectra for
Ba[Zr0.25Ti0.75]O3 thin films
heat treated at 400 C for
different times and heat treated
at 700 C for 2 h under air
atmosphere
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